a Glioblastoma multiforme (GBM) is the most aggressive form of astrocytoma accounting for a majority of primary malignant brain tumors in the United States. Chondroitin sulfate proteoglycans (CSPGs) and their glycosaminoglycan (GAG) side chains are key constituents of the brain extracellular matrix (ECM) implicated in promoting tumor invasion. However, the mechanisms by which sulfated CS-GAGs promote brain tumor invasion are currently unknown. We hypothesize that glioma cell invasion is triggered by the altered sulfation of CS-GAGs in the tumor extracellular environment, and that this is potentially mediated by independent mechanisms involving CXCL12/CXCR4 and LAR signaling respectively. This was tested in vitro by encapsulating the human glioma cell line U87MG-EGFP into monosulfated (4-sulfated; CS-A), composite 
Introduction
Glioblastoma multiforme (GBM) is the most aggressive form of astrocytoma that accounts for the majority of primary malignant brain tumors among adults in the United States. 1 The spread of GBM involves the diffuse invasion of single glioma cells along blood vessels and white matter tracts in brain tissue. 2 The tumorous growth penetrates through key functional regions of the brain, and culminates with the formation of a large GBM mass. The outer boundary of the tumor consists of tumor cells that invade along white matter tracts into nearby brain structures. 3 Eventually, these brain tumors outgrow the limited space available in the brain and disturb other precious structures, rendering cognitive and motor processes damaged. Complete surgical resection is often the first course of action, but current therapies are ineffective in destroying migrating cells after they have left the de novo tumor mass. [4] [5] [6] The mechanism of glioma invasion is unknown. Primary glial cell tumors and early glial precursors possess the ability to invade through brain tissue, which is otherwise resistant to tumor invasion. 7 Primary glial tumors also rarely metastasize outside the brain. 8 This evidence points to a specialized glial cell interaction with the brain tissue extracellular matrix (ECM) that may directly induce glioma cell invasion. Cellular migration includes adhesion factor expression, cytoskeletal rearrangement, and secretion of ECM-remodeling enzymes. 9 Recent evidence suggests that cell-ECM interactions trigger the formation of invadopodia and cytoskeletal modifications, both of which are indicators of invasion. 10, 11 Brain ECM molecules play an important role in regulating cell migration throughout development, and aberrant ECM conditions can directly promote cancer cell migration.
12-14 Healthy brain parenchyma is composed mostly of CSPGs and HA, along with a smaller component of fibrillar proteins such as laminins, collagens, and fibronectin. 15 
CS-GAGs side-chains consisting of N-acetyl-D-
galactosamine and D-glucuronic acid repeating disaccharide units are directly linked to the CSPG core protein. CS-GAGs linked to CSPGs are known to bind and organize brain ECM, regulate neuronal outgrowth, and provide trophic factor retention. 16 The majority of CS-GAGs in the brain consist of chondroitin-4-sulfate (CS-A) with smaller percentages of chondroitin-6-sulfate (CS-C) and chondroitin-4,6-sulfate (CS-E). 17 However, this composition is dramatically altered immediately around invasive brain tumors, which have been reported to upregulate CSPGs and enzymes that alter sulfation patterns of CS-GAGs. 18, 19 Although the upregulation of CSPGs around invasive brain tumors has long been reported, the precise role of sulfated CS-GAGs in promoting glioma invasion has not yet been elucidated. An abundance of oversulfated CS-GAGs in the brain tumor microenvironment combined with their ability to bind cell-motility and adhesion factors, [20] [21] [22] [23] is suggestive of a potential CS-GAG sulfation-driven mechanism that contributes to brain tumor invasion. Primary brain tumors spread towards new areas with desirable environmental conditions for growth, and this navigation is guided by ECM composition and extracellular haptotactic signals. 24 The chemokine CXCL12 (stromal-derived factor1alpha (SDF-1a)) has been previously reported to bind to the cell-surface receptor CXCR4 to induce the growth of glioma cells. 25, 26 CXCL12 is found along white matter tracts and blood vessels in the brain, and known to provide glioma cells with a haptotactic roadmap to invade through the brain interstitial matrix. 27 The CXCR4 receptor has been documented as being highly expressed in GBMs and identified as a regulatory element in glioma invasion, with the ECM in this microenvironment potentially playing a role in glioma cell interaction with CXCL12. [28] [29] [30] [31] Since sulfated CS-GAGs interact with ECM proteins and influence cellular processes, the formation of a complex between sulfated CS-GAGs and the CXCL12 protein has the potential to initiate or mediate glioma cell invasion. Cancer cells are also known to bind CSPGs through the leukocyte common antigen-related (LAR) subfamily of receptor protein tyrosine phosphatases, known for their role in regulating cellular proliferation and adhesion. 32 LAR receptors have been implicated in malignant breast cancers and can potentially bolster the interaction of glioma cells with the CS-GAG rich brain ECM to promote invasion. Unregulated activity from overexpression of LAR receptors could contribute to neoplastic generation or stimulate diffuse single cell migration deeper into the brain via independent signaling mechanisms. In this study we used a novel microfluidics-based in vitro assay platform to elucidate the specific relationship between CS-GAG sulfation and glioma cell invasion. We performed rigorous physical and mechanical characterization of sulfated CS-GAG, unsulfated HA, and unsulfated AG hydrogel matrices to ensure uniformity of their biophysical and biomechanical properties. We quantified cell migration and haptotaxis of human glioma cells encapsulated within different hydrogel matrices to determine the influence of the extracellular microenvironment on cell invasion. Enzyme linked immunosorbent assays (ELISAs), were used to evaluate specific binding affinities of CXCL12 to immobilized unsulfated, monosulfated, and disulfated GAGs. Finally the expression levels of CXCL12, CXCR4, and the CSPG-binding LAR-receptor protein tyrosine phosphatase (RPTP) transcripts in cells encapsulated in different hydrogels were investigated using qRT-PCR assays and western blotting.
Experimental procedures
2.1 Synthesis of methacrylated monosulfated chondroitin sulfate (mCS-A), disulfated methacrylated chondroitin sulfate (mCS-E) and hyaluronic acid (mHA) CS-A hydrogels were fabricated using a mixture of CS-A/C/E powder (86% CS-A; 5% CS-C; 6% CS-E) derived from bovine trachea (Sigma Aldrich, MO), and using methods as described previously. 33, 34 Briefly, 500 mg of CS powder was dissolved in 50 mM 2-morpholinoethanesulfonic acid (MES; Sigma Aldrich) buffer (pH 6.5) with 0.5 M NaCl. 45.6 mM EDC (Thermo, IL) was added to activate carboxyl groups on glucuronic acid residues of CS, along with 22.8 mM NHS (Thermo, IL) to control carbodiimide crosslinking between the carboxyl groups on CS and the amine group of 2-aminoethylmethacrylate. 22.8 mM (AEMA; Polysciences Inc., PA) was added and the reaction was allowed to proceed for 24 h. The next day, the product was precipitated by adding 1 : 1 ratio of acetone and rotary evaporated to dryness. The dried mCS was dissolved in deionized water to the original volume and dialyzed for 3 days using 1000 MWCO dialysis tubing (Spectrum Laboratories Inc., CA). The dialyzed product was lyophilized and stored in desiccant at À20 1C until used. The resulting mCS-A was used to make 2% w/v CS-A hydrogel with 0.05% 2-hydroxy-4 0 -(2-hyroxyethoxy)-2-methylpropiophenone (Irgacure-2959, Sigma Aldrich) photoinitiator in DMEM/F-12 (Corning, NY), then crosslinked upon exposure to 365 nm UV light (160 BlakRay UVP, CA).
The monosulfated CS-A was used to synthesize the disulfated semisynthetic (ssCS-E) as described previously. 35 The CS powder was dissolved in formamide, and triethylamine sulfur trioxide was added to the solution. The reaction was heated to 60 1C and allowed to proceed for 24 hours with vigorous stirring under an argon blanket. Afterward, 95% aqueous ethanol was added and the mixture was held at room temperature for 30 minutes. To modify the reaction conditions, 1% aqueous NaCl was added, and the pH was adjusted to 7 with 2 M NaOH. After dialysis, the solution was lyophilized to yield crude sulfated product. The crude product was dissolved in 16% aqueous NaCl and ethanol was added. After centrifugation at 4000 rpm, the pellet was re-suspended in deionized water and the solution was dialyzed.
The percentage conversion of CS-A to ssCS-E was confirmed using strong anion exchange HPLC (SAX-HPLC) as described previously, 33 and as depicted in ESI, † Fig. S1 . The dialysate was lyophilized, and the ssCS-E was methacrylated using the same procedure as described for the methacrylation of monosulfated mCS-A. The composite CS-A/E gels used in cell assays consisted of 2% w/v CS-A with 15% CS-E, 0.05% Irgacure-2959 in DMEM/F-12, and exposed to 365 nm UV light. Unsulfated high-molecular-weight HA from rooster comb (Sigma Aldrich, MO) was dissolved in DI water and autoclaved for 1 hour to partially hydrolyze the HA to low-molecular-weight HA as described previously. 33 The resulting HA was then dialyzed against water for two days, and the dialysate was frozen at À80 1C and lyophilized for three days. The resulting HA was methacrylated according to the same procedure used to methacrylate CS-A as described above. The resulting mHA was reconstituted in DMEM/F-12 as 0.5% w/v HA with 0.05% Irgacure-2959, before exposure to 365 nm UV light.
Scanning electron microscopy (SEM)
The microarchitecture of lyophilized hydrogels was observed using a Zeiss 1450EP scanning electron microscope (Zeiss, NY). Hydrogels were cast in a tissue cryopreservation mold, flash frozen in liquid nitrogen, then lyophilized for 24-48 hours. Lyophilized gels were mounted on 10 mm stubs and sputter coated with gold for 60 seconds in a Module Sputter Coater (SPI, PA) before being imaged at 20 kV. Images were acquired at 500Â and 1000Â magnifications to observe the pores and structure of hydrogels. ImageJ software was used to calculate pore size based on 500Â images.
2.3 Rheological testing of photocrosslinked mCS, mHA and agarose hydrogels mCS (2% w/v), mHA (0.5% w/v), and agarose (0.5% w/v) were reconstituted in deionized water, and crosslinked by exposure to 365 nm UV exposure within tissue cryopreservation molds to yield hydrogels of B3 mm thickness. The gels were cut into 16 mm diameter disks with a biopsy punch and left to incubate in 1 mL of PBS overnight at 37 1C to fully swell before rheological testing. Rheological testing of hydrogels was performed using a parallel plate rheometer (Anton Paar, CA) equilibrated to 37 1C.
Frequency sweep experiments were performed from 0.1-100 Hz and 5% strain, and in triplicate. 
Microfluidics device fabrication and preparation
The microfluidic device was fabricated through standard softlithography methods using polydimethylsiloxane (PDMS) in a 10 : 1 weight ratio with curing agent (Dow Corning, MI). Device pattern was designed after a previously described microfluidic platform to study tumor cell intravasation with minor modifications. 36 A mask of the device pattern was created using
AutoCAD and printed by a commercial photo-plotting company (CAD/Art Services, OR). After cross-linking the polymer for 2 hours at 72 1C, and punching the wells with a 4 mm biopsy puncher (Miltex, Inc., PA), device surfaces were bonded with a microscope cover glass after plasma surface treatment (Harrick Plasma, NY) with 18 W power for 30 seconds at 11.2 Pa O 2 partial pressure. Each device had three microfluidic channels with trapezoidal barriers between channels. The shape and dimension of channels was chosen to accommodate the quantification of cell choice and migration. Each channel was 10 mm in length and 1000 mm in width with 5 mm wells in diameter. Thickness of the device was measured to be 150 mm by a profilometer (Veeco Instruments Inc., PA). 300 mm trapezoidal barriers lined the junctions where two channels meet, with 100 mm spaces between barriers, to keep hydrogel constituents within the seeded channels and to restrict cell influx into adjacent channels (ESI, † Fig. S2 ). Each device was coated in poly-D-lysine (PDL) overnight (Sigma Aldrich, MO), then baked at 80 1C for 48 hours to restore hydrophobicity. Devices were then kept at 4 1C until use.
U87MG-EGFP encapsulation and cell migration studies
Individual 14 mm glass-bottom cell culture dishes were used in sandwich cell encapsulations for viability study. Bilayer hydrogels were made from either 0.5% agarose (SeaPlaque, Lonza, NJ), 2% mCS-A, 2% mCS-A/E (2% COMP) or 0.5% mHA (all dissolved in DMEM/F-12). Cells were cultured as described above. 50 000 cells were encapsulated in each hydrogel. The mCS-A, mCOMP, and mHA were combined with 0.05% photocrosslinker before being exposed to 365 nm UV light for 45 seconds each. All assays were done in triplicate. Encapsulated cells were fixed at 24 h using 4% paraformaldehyde in 0.4 M sucrose solution. Immunohistochemistry was performed to evaluate cellular production of focal adhesion kinase (FAK) and vinculin. Cells were Hoechststained before hydrogel encapsulation. Images were acquired using a Leica DM IRB series microscope (Leica Microsystems, Inc., IL).
To evaluate cell migration through microfluidics devices, choice assays were designed to evaluate cell preference between two separate hydrogels. Hydrogels were seeded into the side wells of the devices and gentle suction was used to pull the gel through the channel. Once gels filled the respective channel, they were either allowed to cool (agarose) or exposed to UV light for 15-20 seconds (mCS-A, mCS-A/E or mHA) to form a matrix. U87MG-EGFP cells in media were Hoechst-stained and then 20 000 cells were seeded into the middle channel of the devices, using gentle suction to pull the cells in media all the way through the channel and not disturb the side channels containing hydrogels. Devices were put into incubation for 6 hours before imaging using wide field epifluorescence imaging using a Leica DM IRB series microscope (Leica Microsystems, Inc., IL). All assays were performed in triplicate. Tiled images were taken using 10Â magnification and quantifications were performed using Volocity software (Perkin Elmer, MA). Only migrating cells moving through the hydrogel-laden channels were quantified. Devices were fixed using 4% paraformaldehyde in 1Â PBS containing 0.4 M sucrose. Staining for FAK and vinculin was done using two-part antibody staining (Thermo Fisher, MA). Staining for F-actin polymerization was performed using Texas Red-X Phalloidin (Thermo Fisher, MA).
Haptotaxis assays
Prior to conducting the CXCL12 haptotaxis assays, the uniform diffusion of the chemokine through the different hydrogel matrices was ascertained. In order to accomplish this, sulfated and unsulfated hydrogel matrices were cast in the microfluidic devices as described above and incubated with a 50 mL solution of PBS containing 10 ng mL À1 of Alexa Fluor 488-conjugated aprotinin, which has the same molecular weight (B8 kDa) as CXCL12. The diffusion of fluorophore conjugated aprotinin through the different sulfated and unsulfated hydrogel matrices was quantified at the end of 0, 3, and 6 h post-introduction and the fluorescence intensity quantified using methods described below. The microfluidics platform was subsequently used to evaluate cell haptotaxis in response to CXCL12 presence. Each hydrogel type was tested in three microfluidics devices, where the same hydrogel was placed into both side channels with one side View Article Online receiving 10 ng mL À1 CXCL12 (R&D Systems, NE) and the other side receiving media only. 20 000 cells in media were seeded into the middle channel. Devices were imaged at 0, 3, and 6 h to evaluate cellular haptotactic response across AG, HA, CS-A and COMP hydrogels. Tiled images were taken using 10Â magnification on a Leica DM IRB series microscope and quantifications were performed using Volocity software (PerkinElmer, MA) to analyze migrating cells moving through the hydrogel-laden channels. Devices were fixed using 4% paraformaldehyde in 1Â PBS containing 0.4 M sucrose. Proof of a protein gradient was established using Alexa Fluor 488-conjugated Aprotinin (Thermo Fisher, MA and Sigma Aldrich, MO respectively) at 0, 3, and 6 h using Volocity software to calculate fluorescence within the channels of the microfluidics devices.
Sandwich ELISA
Specific binding of CXCL12 to immobilized CS-A and COMP was evaluated using a sandwich ELISA assay. The wells in the 96-well NeutrAvidin-coated plate (Thermo Fisher, MA) were washed with 1Â PBS, and then blocked with 1% BSA in 1Â PBS for one hour. After another wash step, biotinylated GAGs were added in a 1 : 10 ratio in PBS to each well and left overnight at 4 1C. Control wells only PBS. Next day the plate was blocked with 1% BSA, 5% sucrose, and 0.05% Tween 20 in PBS for one hour. After a wash step, 0-200 nM concentrations of CXCL12 (R&D Systems, ND) were added on top of each treatment and incubated at room temperature for one hour. After a wash step, a 1 : 100 dilution of anti-CXCL12 antibody (R&D Systems, ND) in PBS was added to wells and incubated at room temperature for two hours. Wells were washed, after which a 1 : 50k dilution of HRP conjugated secondary antibody (R&D Systems, ND) was added. Following another wash step, TMB Buffer (Thermo Fisher, MA) was added, and after 30 minutes 2 M sulfuric acid was added as stop solution. Absorbance measurements were acquired at 450 nm.
Western blotting
100k U87MG-EGFP cells were encapsulated in 2% CS-A, 2% COMP, 0.5% HA or 0.5% AG hydrogels, along with a media (M) only control cultured as described above for 72 h. Cell lysates were extracted using 1Â Mammalian Protein Extraction Buffer (GE Healthcare Life Sciences, PA) containing complete ULTRA protease inhibitor cocktail (Sigma Aldrich, MO). 50 mg of total cell lysate protein each obtained from glioma cells subjected to M, AG, HA, CS-A, and COMP treatments were resolved through a 4-20% gradient gel (Bio-Rad Mini Protean TGX Gels, CA), and subsequently transferred to pure nitrocellulose membranes (Osmonics Inc., MN). After overnight transfer, blots were allowed to dry for two hours, and then rehydrated in 1Â TBS for 2 min. 
qRT-PCR
Total RNA was isolated using RNeasy Plus Mini kit (Qiagen, CA) from cells encapsulated in 2% CS-A, 2% COMP, 0.5% HA or 0.5% AG hydrogels after 72 h. Following genomic DNA elimination (Qiagen, CA) and following manufacturer protocol, cDNA was synthesized using the RT First Strand kit (Qiagen, CA). A total of 100 ng total RNA equivalent of cDNA template was used in 25 mL qRT-PCR reactions for each group along with SYBR green dye View Article Online (Qiagen, CA), and primers targeting human CXCL12 (CXCL12, PPH00528B, NM_000609), human CXCR4 (CXCR4, PPH00621A, NM_001008540), and LAR (LAR, PPH02317F, NM_002840); and the endogenous housekeeping genes GAPDH and HPRT1 (GAPDH, PPH00150F, NM_001256799; HPRT1, PPH01018C, NM_000194), and amplified using an ABI 7900HT machine (Applied Biosystems, CA), and using conditions described previously. 33, 37 Each sample was assayed in triplicate for both target and endogenous controls using cycle conditions: 95 1C for 10 minutes, 40 cycles of 95 1C for 15 seconds, and 60 1C for 1 minute followed by a melting curve analysis.
Relative quantitative gene expression was appraised using the DDCT method. The levels of the target gene expression was calculated after normalization to media-only control and against endogenous controls for each sample and then presented as relative units. A greater than 2 fold increase in expression of CXCL12, CXCR4, or LAR when compared to media-only controls was considered significant.
Statistical analysis
For all migration and haptotaxis experiments, precise cell counting, fluorescence quantification, and colocalization protocols were used in Volocity software to analyze raw data. All analyses for across-group variation were performed using one-way analysis of variance (ANOVA) for significance (p o 0.05) with appropriate post hoc tests using SigmaPlot software. Direct mean comparisons were evaluated using t-tests. All studies were performed in triplicate at the minimum.
Results

Biomechanically optimized hydrogel-based brain ECM mimics facilitate the assessment of glioma cell behavior in vitro
In order to evaluate glioma cell behavior in response to specific ECM components, and to prevent the confounding effects of varying biomechanical properties of hydrogel-based ECM mimics on cell behavior, we performed rigorous characterization of hydrogel porosity and elastic modulus. 0.5% (w/v) agarose, 0.5% (w/v) hyaluronic acid and 2% (w/v) monosulfated CS hydrogels demonstrated similar pore sizes, with the average pore size ranging between 25 and 45 mm 2 ( Fig. 1A and B ). The hydrogel types tested displayed comparable storage moduli across a standard angular frequency sweep range of 0-100 rad s À1 (Fig. 1C) . The storage moduli obtained for the different hydrogel types tested were comparable to that of CNS tissue, which can range in storage modulus between o100 to a few hundred Pascal. 38 The U87MG-EGFP glioma cells encapsulated in AG, HA and CS hydrogels demonstrated a mean survival of B85% as indicated by the Calcein Blue + cells co-expressing GFP 48 h post hydrogel encapsulation (Fig. 2 ).
U87MG cells demonstrate significantly greater infiltration into sulfated CS-GAG hydrogels when compared to other hydrogel matrices
To assess glioma cell preference for sulfate-rich environments, we modified the design of a three channel microfluidics platform as described below to present U87MG cells seeded in the View Article Online central channel with a ''choice'' between a sulfated CS hydrogel, and an unsulfated hydrogel control (Fig. 3A) . The number of cells in each of the two hydrogel types was quantified after 6 h, which represented the earliest time-point at which differences in glioma cell infiltration could be determined.
Results from these assays demonstrate that a significantly greater percentage (p o 0.05) of glioma cells infiltrated into sulfated CS-GAG hydrogels when compared to either unsulfated AG or HA hydrogels (Fig. 3A) . When a head-to-head comparison of monosulfated CS hydrogels to COMP CS hydrogels was conducted, a significantly greater (p o 0.05) percentage of the seeded glioma cells were found to infiltrate into the COMP hydrogels when compared to the monosulfated CS hydrogels (Fig. 3A) . Immunocytochemical analyses of the focal adhesion (FA) adaptor protein vinculin and FAK demonstrated that a significantly ( p o 0.05) higher percentage of glioma cells encapsulated in sulfated CS-GAG hydrogels showed a significantly ( p o 0.05) higher percentage of colocalization of these cytoskeletal proteins when compared to unsulfated AG or HA hydrogels (Fig. 4B) . No-significant differences in the expression of these proteins was observed in glioma cells encapsulated in monosulfated CS-A hydrogels when compared to composite CS hydrogels (Fig. 4B) . A significantly higher ( p o 0.05) percentage of glioma cells encapsulated within the sulfated CS-GAG hydrogels demonstrated the presence of polymerized filamentous actin (F-actin) when compared to cells encapsulated in unsulfated AG or HA hydrogels (Fig. 4D) . No significant differences in F-actin polymerization were observed when glioma cells encapsulated in monosulfated CS-GAG hydrogels were compared to those encapsulated in COMP CS-GAG hydrogels (Fig. 4D) . In conjunction with increasing cytoskeletal remodeling, the morphology of cells encapsulated in CS-GAG hydrogels displayed a greater number of cytoplasmic prolongations into the surrounding 3D matrix (ESI, † Fig. S3 ). 
The immobilization of CXCL12 in CS-GAG hydrogels enhances U87MG cell haptotaxis
The microfluidics platform described above was used to assess protein diffusion and subsequently the haptotaxis of glioma cells encapsulated in hydrogels, both in the presence and absence of 10 ng mL À1 CXCL12. Results from the protein diffusion assays demonstrate the steady temporal increase in fluorescence intensity as a function of distance from the epicenter of the well across all hydrogel matrices. No significant differences in the extent of protein diffusion were observed across the different sulfated and unsulfated hydrogel matrices tested after 3 h and 6 h (Fig. 5A) . Subsequently, glioma cells were encapsulated in sulfated CS and unsulfated AG and HA hydrogels, and cellular haptotaxis in the presence and absence of 10 ng mL À1 CXCL12 was quantified.
Glioma cells displayed significantly enhanced infiltration (p o 0.05) into COMP hydrogels containing CXCL12 over and above COMP hydrogels without CXCL12 at 3 h post cell-seeding. No significant differences were observed in cellular chemotaxis across other hydrogels (p o 0.05) (Fig. 5B and 6 ). At the 6 h time point, augmented cell migration was observed into both CXCL12-containing both CS-GAG hydrogels when compared to CS-GAG hydrogels without CXCL12 (Fig. 6C and D) . No significant differences were observed in haptotaxis of glioma cells encapsulated in other hydrogel types ( Fig. 6A and B) .
CS-GAG binding to CXCL12 is sulfation dependent
We performed sandwich ELISA binding assays using a range of CXCL12 concentrations (0-100 nM) in order to evaluate the specific binding of CXCL12 to sulfated CS-GAGs and unsulfated HA. The immobilization of HA, monosulfated CS, and COMP GAGs, and subsequent detection of specific binding was performed according to methods described below and in Fig. 7A . Results from these assays demonstrate a significantly (p o 0.05) greater concentration dependent binding of CXCL12 to COMP GAGs when compared to monosulfated CS-A or unsulfated HA across three of the four concentrations as indicated by the higher OD levels at these concentrations (Fig. 7B ). There were no significant differences in CXCL12 binding to monosulfated CS-A when compared to HA in the lower three CXCL12 concentrations tested. However, a significant increase (p o 0.05) in CXCL12 binding to View Article Online monosulfated CS-A over unsulfated HA was observed at the highest concentration (100 nM) tested (Fig. 7B ).
Glioma cells encapsulated in CS-GAG hydrogels demonstrate enhanced expression of the CXCR4 and LAR transcripts
In order to further elucidate the potential mechanisms contributing to the observed selective differential infiltration of glioma cells in the different sulfated CS-GAG, and unsulfated HA and AG hydrogels, we quantified the mRNA expression levels of CXCL12, CXCR4 and LAR in hydrogel encapsulated glioma cells 72 h post encapsulation using methods described below and as previously published. 39 Results from these assays demonstrate the greater than two-fold upregulation of the transcript encoding CXCL12 in hydrogel encapsulated glioma cells across all hydrogel types, with no significant differences observed between groups (Fig. 8A) . In contrast, glioma cells encapsulated in the sulfated CS-GAG hydrogels demonstrated a greater than two-fold increase, and a significantly greater (p o 0.05) expression of transcripts encoding CXCR4 and LAR when compared to cells encapsulated in AG and HA hydrogels (Fig. 8B and C) . No significant differences in expression of these transcripts were observed between glioma cells encapsulated in either monosulfated CS or COMP hydrogels. Protein presence was validated through western blotting of both cell lysates and harvested media from hydrogel encapsulations after 72 h (Fig. 8D) . Results from these assays indicate the upregulation of CXCR4 protein expression in glioma cells encapsulated in HA and CS hydrogels when compared to media only and AG controls. Interestingly, a distinctly stable B75 kDa protein band was observed in lysates obtained from glioma cells encapsulated in CS-A and COMP hydrogels when compared to lysates obtained from media only, AG, and HA encapsulated cells, which indicated the additional presence of a B37 kDa protein band. No significant differences were observed in CXCL12 presence across cells encapsulated in different hydrogel matrices.
Discussion
Brain tumor cell invasion is an uncontainable problem with modern conventional therapies for GBM patients, often leading to recurrence of the tumor after complete surgical resection. In this study, we investigated the contextual relevance of mono-and disulfated CS-GAGs in triggering glioma cell invasion in vitro. Using a novel approach that exploits microfluidics technology to effectively present hydrogel-based ECM mimics to encapsulated glioma cells, we attempt to elucidate the potential mechanisms by which sulfated CS-GAGs associated with the tumor ECM may serve as instructive cues to direct glioma cell invasion. The ECM of the CNS is unique in composition with an abundance of HA and CS-GAGs. Glioma are adept at altering this microenvironment to promote cellular proliferation and invasion. [40] [41] [42] [43] The sulfated CS-GAGs linked to CSPGs have been documented to inhibit neurite outgrowth in adult CNS tissue in a sulfation dependent manner. 37 In contrast, the overexpression of View Article Online transcripts encoding the enzyme N-acetylgalactosamine 4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST), 18 which catalyzes the sulfation of monosulfated CS-A to disulfated CS-E around high-grade brain tumors points to the potential role of oversulfated CS-GAGs in mediating tumor invasion. Our data corroborate these previous findings, and further demonstrate that the alteration of CS-GAG sulfation from monosulfated CS to disulfated CS alone can enhance glioma cell invasion. Previous studies have demonstrated the role of the 3D tumor microenvironment in altering the gene expression levels of IGF binding proteins, and SOX family transcription factors, among others that promote cell growth and survival in glioma cells. 44, 45 In this study, we aimed to focus instead on investigating the 3D microenvironment-related factors and mechanisms that may have contributed to the enhanced migration of glioma cells when encapsulated in 3D CS-GAG matrices as observed in the in vitro microfluidics based migration assays. We specifically focused on evaluating the gene and protein expression patterns of the chemokine CXCL12 and its high-affinity receptor CXCR4; as well as the cell surface receptor LAR, since these factors have been implicated in CS-GAG mediated glioma cell haptotaxis, and CSPG binding respectively. 18, [46] [47] [48] Previous evidence also suggests that the extracellular tumor microenvironment could facilitate cytoskeletal rearrangement leading to glioma cell invasion. [49] [50] [51] [52] Focal adhesion proteins such as FAK and vinculin mediate cell-ECM interactions, allowing for mesenchymal migration and survival of glioma cells. 53, 54 In healthy tissue, FAK is recruited to adhesion complexes where the cell uses those attachments to move through the matrix. The localization of FAK in focal adhesions has been shown to be essential to invading glioma cells. 9, 55 Actin polymerization and the consequent changes in cell morphology are known to be closely interrelated with cell-ECM interactions. 56 Our results indicate that glioma cells encapsulated within sulfated CS-GAG hydrogel matrices showed an increased colocalization of FAK with the membrane-cytoskeletal protein vinculin when compared to glioma cells encapsulated in unsulfated HA or AG hydrogels, implicating the role of CS-GAGs in augmenting promigratory cytoskeletal processes. Finally, since the hydrogels used in this study were fabricated without the addition of integrin binding sites, the enhanced migration of glioma cells as observed in sulfated CS-GAG matrices is suggestive of alternative mechanisms that involve the CS-GAG mediated regulation of glioma cell adhesion as reported previously. 57 In other studies, Rao et al. had demonstrated that edge effects between the hydrogel and underlying support (tissue culture plastic surface) could contribute to differential migration rates of mechanosensitive glioma cells encapsulated within hydrogel matrices. 58 In order to partially circumvent this problem, we used a microfluidics platform that was based on a device used to study tumor cell intravasation previously. 36 The device carefully controls the thickness of the hydrogel matrix, and incorporates other selective barriers that prevent both hydrogels and cells from spreading throughout the channels ubiquitously during cellseeding, thereby ensuring specificity of cell invasion into these matrices. Our results demonstrate that the hydrogel matrices tested had uniform physicomechanical properties, as indicated by the comparable porosities and storage moduli obtained for the different hydrogel types tested. The storage moduli were comparable to that of CNS tissue, which can range in storage modulus between o100 to a few hundred Pascal. 38 As a result, the observed differences in migration patterns of the encapsulated glioma cells are likely due to changes in the chemical properties of the hydrogels, and not due to edge-effects and changes in mechanical properties of the hydrogels. It is established that the chemokine CXCL12 and its associated cell receptor, CXCR4, are involved in tumorigenesis of glioma, and presence of the CXCR4 receptor is strongly correlated with glioma cell proliferation. 59 The alternate receptor for CXCL12, CXCR7, is highly expressed across differentiated glioma cells and participates in CXCL12-driven cell differentiation whereas the CXCR4 receptor is known to be expressed across the glioma stem cell populations and actively plays a role in promoting cell proliferation and migration. 47, 60, 61 Sulfated CS-GAGs in the tumor ECM carry a dominant negative charge, and possess unique structural and functional attributes that can facilitate differential binding and immobilization of growth factors and chemokines within the ECM. 20, 62, 63 Recent evidence suggests that sulfated CS-GAGs possess differential affinities to CXCL12, with the disulfated CS-E demonstrating greater CXCL12 specific affinity over and above that of monosulfated CS-A. 31, 64 Previous evidence also indicates that the alterations in CS-GAG sulfation from monosulfated CS to disulfated CS-E around high-grade tumors could potentially serve to enhance growth factor mediated glioma cell haptotaxis. 18 Our results are in agreement with these findings, and further provide evidence to suggest that high binding affinity of CXCL12 to disulfated CS-E could potentially serve to differentially immobilize CXCL12 in the tumor microenvironment, and accordingly augment glioma cell invasion. Interestingly, although we observed a greater than two-fold upregulation of CXCL12 in glioma cells encapsulated in all hydrogels tested, only cells encapsulated in the sulfated CS-GAG hydrogels expressed significantly greater amounts of CXCR4. Western blotting validated the increased presence of CXCR4 protein levels in glioma cells encapsulated within CS-GAG hydrogels, compared to AG and HA treatments. These results suggest that the upregulation of the CXCL12 binding receptor CXCR4 in the tumor environment might be equally important to mediate tumor invasion. The cell membrane bound LAR phosphatases are known to bind to CSPGs to mediate neuronal growth inhibition. 48, 65, 66 LAR protein tyrosine phosphatases have also been documented as being overabundant in a multitude of different cancers as a marker of invasiveness. 46 We found that the presence of sulfated CS-GAGs in the extracellular microenvironment stimulates the significant overexpression of the CSPG binding LAR transcript in encapsulated glioma cells, which may have contributed to the observed increase in F-actin polymerization and colocalization of cytoskeletal adhesion proteins in encapsulated glioma cells. Western blotting detected the presence of a B75 kDa transmembrane subunit of LAR across cells encapsulated within all hydrogel matrices (Fig. 8D) , however the presence of an additional B37 kDa protein was found solely within lysates extracted from the media only, AG, and HA treatments. This difference may signify a separate degradation product or domain of the receptor that is not present in the LAR protein expressed in CS-A or COMPencapsulated glioma cells. The unique LAR isoform expressed specifically in glioma cells present in CS-GAG-rich environments as detected by western blot analysis may be contributing to the differential migration patterns observed in cells encapsulated within these sulfated CS-GAG matrices, and requires further investigation. The overexpression of LAR transcripts in glioma cells encapsulated within CS-GAG hydrogels seen in qRT-PCR as well as the absence of other degradation products observed in the western blot is suggestive of an independent mechanism by which CS-GAGs could potentially regulate LAR receptor signaling, and promote glioma cell invasion. Additionally, since LAR has not been demonstrated to directly interact with the CSPG associated sulfated CS-GAGs, these results also suggest a potentially novel interaction of CS-GAGs with LAR. Using brain mimetic hydrogel matrices, we have demonstrated that U87MG cells exhibit significantly more migration and cytoskeletal remodeling when encapsulated in sulfated CS-GAG hydrogels. Our results demonstrate that the unique sulfation patterns of ECM-associated CS-GAGs actively participate in glioma cell migration and chemokine interactions, by binding pro-migratory CXCL12, and inducing the overexpression of CXCR4 receptor encoding transcripts. Although our results demonstrate that glioma cells encapsulated in hydrogel matrices expressed a significantly higher amount of CXCL12 encoding transcript when compared to media-only controls, we found no evidence to suggest that sulfated CS-GAGs differentially affect CXCL12 expression when compared to unsulfated hydrogel matrices. However, we speculate that the ability of CS-GAGs to bind and present CXCL12 to local cells might be influencing the enhanced CXCR4 receptor expression observed in glioma cells, which may have contributed to the enhanced haptotaxis of these cells in CS-GAG hydrogels. Our findings also provide additional evidence to suggest the potential regulation of LAR by sulfated CS-GAGs, which may be involved in the activation of separate signaling pathways contributing to glioma cell migration. 67 
Conclusions
In summary, our results suggest that the heightened presence of extracellular CS-GAGs directly induces the enhanced cell migration and haptotaxis of glioma cells in a GAG sulfation dependent manner. The identification of the role of CS-GAGs in ECM-driven glioma behaviors would greatly advance our understanding of glioma invasion, and contribute to the design of novel therapeutic interventions to help stem invasion. Our study demonstrates that CS-GAG sulfation patterns could potentially regulate these outcomes by influencing cell membrane receptor expression and by selectively modulating chemokine presentation. The diffuse cellular invasion that characterizes glioblastoma multiforme is one of the biggest obstacles to successful treatment in the clinical setting. Although there are currently no effective treatments for malignant brain tumors, investigating the relationship between CS-GAGs and glioma invasion could help open doors for targeted therapy approaches to stem the invasive progression of these brain tumors.
